The present paper describes the tooth surface temperature and the power transmission efficiency of plastic sinecurve gears in the running condition. The plastic sine-curve and involute gears were manufactured by injection molding. The running tests for sine-curve and involute gears were performed under no-lubrication and greaselubrication conditions, and the tooth surface temperature and the power transmission efficiency were measured. Test results show that the sine-curve gears for operating condition had lower tooth surface temperatures and higher power transmission efficiencies than involute gears under no-lubrication conditions, but in the greaselubrication condition the superiority of sine-curve gears was not observed.
Introduction
Gears with a different tooth profile from an involute curve might be effective for the reduction of energy loss in the running condition. Sine-curve gears (Itaya and Noguchi, 1946) , of which teeth surface profiles are formed using a sinecurve rack, have smaller sliding between tooth flanks than involute gears (Ueda et al., 2010) . The present paper describes the tooth surface temperature and the power transmission efficiency of plastic sine-curve gears in the running condition. The plastic sine-curve and involute gears were manufactured by injection molding. The running tests for sine-curve gears and involute gears were performed under no lubrication and grease lubrication conditions, and the tooth surface temperature and the power transmission efficiency were measured. Test results for sine-curve gears were compared with the results for involute gears. The superiority of sine curve gears for involute gears was observed under no lubrication condition, but was not observed under grease lubrication condition. Fig.1 Sine-curve basic rack. c is the factor for tip clearance, and the value of 0.25 is used in this study.
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Tooth surface temperature and power transmission efficiency of plastic sine-curve gear Table 1 shows the dimensions of test gear pairs. Test gears were made of polyacetal copolymer (POM-C) and were injection-molded. Materials of mating gears were POM-C and S45C. Figure 1 shows the basic rack of sine-curve gears (Moriwaki et al., 2014 , Ueda et al., 2010 used in this study. In Fig.1 , c is the factor for tip clearance, and the value of 0.25 is used in this study. Figure 2 shows comparison of sine-curve and involute gears. Tooth tip and root thicknesses of the sine-curve gear was thinner and thicker than those of the involute gear, respectively. Figure 3 shows the specific slidings of sine-curve and involute gears (Moriwaki et al., 2014 , Ueda et al., 2010 . Maximum specific slidings of the sine-curve gear are smaller than those of involute gears. Figure 4 shows the comparison of specific heat generation of sine-curve and involute gears under no lubrication condition (Moriwaki et al., 2014 , Ueda et al., 2010 . It is found from Fig. 4 that the heat generation of the sine-curve gear, especially friction heat generation was smaller than that of the involute gear. Fig.3 Comparison of specific sliding of sine-curve gear and involute gear (Moriwaki et al., 2014 , Ueda et al., 2010 . Maximum specific slidings of the sine-curve gear are smaller than those of involute gears. 
Experimental method 2.1 Test gear pairs
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Koide, Yukawa, Takami, Ueda, Moriwaki, Tamura and Hongu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Figure 5 shows the power-absorbing type test machine used in this study. The maximum torque of driving shaft is T max = 20Nm and the rotational speed of the driving shaft is n 1 =200~1800rpm. Torque meters were attached to the driving and driven shafts and the power transmission efficiency was calculated from the measured torques. Tooth surface temperature was measured with the infrared thermometer (Fig.6) . The experiments were performed under no-lubrication and grease-lubrication conditions. The two kinds of the combination of gear materials were used. The one is the plastic gear pair, the other is a combination of a plastic gear and a steel gear. The grease used in this experiment was Daphne Grease PG produced by Idemitsu Kosan Co., Ltd. The atmospheric temperature was controlled at 23±2°C.
Experimental method and apparatus
Sine-curve gear Involute gear Koide, Yukawa, Takami, Ueda, Moriwaki, Tamura and Hongu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) 3. Experimental results and discussion 3.1 Tooth surface temperature and power transmission efficiency 3.1.1 No-lubrication condition Figure 7 shows how the maximum tooth temperatures and the power transmission efficiencies of plastic gear pairs depend on the number of load cycles under no-lubrication condition. It is found from Fig. 7 that the maximum tooth temperature of the sine-curve gear is smaller and the power transmission efficiency is higher than those of the involute gears. Figure 8 shows the comparisons of the tooth surface temperature rise and the power transmission efficiency between the sine-curve gear and the involute gear under no-lubrication condition. The tooth surface temperatures of sine-curve gears under no lubrication at the running condition are lower than those of involute gears irrespective of the applied torque and the rotational speed. On the contrary, the power transmission efficiencies of sine-curve gears are higher than those of involute gears.
The tooth surface temperatures and the power transmission efficiencies of both gears tend to increase with an increase of the applied torque and the rotational speed. Koide, Yukawa, Takami, Ueda, Moriwaki, Tamura and Hongu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Figure 9 shows how the maximum tooth temperatures and the power transmission efficiencies of plastic gear pairs depend on the number of load cycles under grease-lubrication condition. Figure 10 shows the comparisons of the tooth surface temperature rise and the power transmission efficiency between the sine-curve gear and the involute gear under Koide, Yukawa, Takami, Ueda, Moriwaki, Tamura and Hongu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) grease-lubrication condition. It is found that the maximum tooth temperature and the power transmission efficiency of the sine-curve gear are almost equal to those of the involute gears. This might be explained as follows: The reason, why the heat generation of the sine-curve gear is smaller than involute gear under no-lubrication, is mainly due to the difference of the frictional condition as shown in Fig.4 . In general, the friction heat under grease-lubrication is smaller than that under no-lubrication, and then the hysteresis heat generation becomes dominant for the total generated heat under grease-lubrication. Therefore, since the hysteresis heat generations of the sine-curve gear and the involute gear are almost equal (Fig.4) , there was no difference in the heat generations of these gears under grease-lubrication condition. Figure 11 shows how the maximum tooth temperatures and the power transmission efficiencies of the plastic gear meshed with a steel gear depend on the number of load cycles under no-lubrication condition. Figure 12 shows the comparisons of the tooth surface temperature rise and the power transmission efficiency between the sine-curve gear and the involute gear for the plastic gear meshed with a steel gear under no-lubrication condition. Figure 13 shows the effects of the mating gear materials on the tooth surface temperature rise and the power transmission efficiency of the sine-curve gear and the involute gear under no-lubrication condition.
Grease-lubrication condition
Effect of mating gear material on tooth temperature and power transmission efficiency
The maximum tooth temperatures of sine-curve and involute gears decrease by changing the mating gear materials from plastics to steels irrespective of the applied torques, and the increase in the fatigue life can be expected. , No-lubrication). The maximum tooth temperatures of sine-curve and involute gears decrease by changing the mating gear materials from plastics to steels irrespective of the applied torques, and the increase in the fatigue life can be expected. The power transmission efficiencies of the sine-curve gears are higher than those of the involute gears irrespective of the material of the mating gear. The power transmission efficiencies of sine-curve and involute gears tend to increase by changing the mating gear materials from plastics to steels irrespective of the applied torques. Ueda, Moriwaki, Tamura and Hongu, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) The power transmission efficiencies of the sine-curve gears are higher than those of the involute gears irrespective of the material of the mating gear. The power transmission efficiencies of sine-curve and involute gears tend to increase by changing the mating gear materials from plastics to steels irrespective of the applied torques.
Conclusion
Main results obtained from this investigation are summarized as follows:
(1) The tooth surface temperatures of sine-curve gears under no lubrication at the running condition are lower than those of involute gears. On the contrary, the power transmission efficiencies of sine-curve gears are higher than those of involute gears. But the tooth surface temperatures and the power transmission efficiencies of sine-curve gears under grease lubrication are almost equal to those of involute gears.
(2) By changing the mating gear materials from plastics to steels, the tooth surface temperature decreases and the increase in the fatigue life can be expected. The power transmission efficiency tends to increase by changing the mating gear materials from plastics to steels.
